Aims/hypothesis Glutamatergic pathways are assumed to play a critical role in the hormonal stress response to hypoglycaemia. In rats, glutamate signalling at the amino-3-hydroxy-5-methyl-4-isoxazol propionate (AMPA) receptor contributes to hormone release induced by behavioural stressors. We hypothesised that blocking the AMPA receptor by caroverine in healthy men would impair their perception of neuroglycopenia and thereby diminish hormonal counter-regulation as well as symptoms of hypoglycaemia, as a model of stress. Methods In a balanced double-blind study, two hypoglycaemic clamp sessions (mean blood glucose 2.4 mmol/l for 50 min) were performed in ten healthy men during intravenous administration of 80 mg caroverine or placebo. We assessed concentrations of counter-regulatory hormones as well as subjective symptoms related to hypoglycaemia.
Introduction
The physiological mechanisms underlying the counterregulation of hypoglycaemia are of great clinical impor-tance because counter-regulatory failure is a severe side effect in the insulin treatment of patients with type 1 and type 2 diabetes mellitus. Neuronal pathways using the amino acid transmitter glutamate have been shown to contribute to neuroendocrine counter-regulation following insulin-induced hypoglycaemia [1] , supporting the assumption that in stressful conditions like hypoglycaemia, glutamate signalling is essential for activation of the hypothalamic-pituitaryadrenal (HPA) system, which allocates glucose to the brain [2] . Accordingly, blocking the glutamatergic N-methyl-Daspartate (NMDA) receptor by intracerebral administration of memantine has been found to decrease the counter-regulatory hormonal response to insulin-induced hypoglycaemia in dogs [3] . However, our own observations indicate that antagonising NMDA receptors by oral pre-treatment with memantine does not decrease the counter-regulatory response to hypoglycaemia in humans [4] . As the glutamate signal is conveyed by amino-3-hydroxy-5-methyl-4-isoxazol propionate (AMPA) receptor subtypes, whereas NMDA receptors are thought to play a role in inducing or modulating the plasticity of AMPA receptor-mediated transmission, the above finding raises the question as to what role AMPA receptors play in the acute neuroendocrine and neurocognitive response to hypoglycaemia in humans. In rats, pharmacological blockade of AMPA receptors diminished the neuroendocrine response to immobilisation stress [5] [6] [7] . Against this background, we assessed neuroglycopenic and autonomic symptoms, and neuroendocrine responses to insulin-induced hypoglycaemia in healthy men after pretreatment with the AMPA receptor antagonist caroverine.
Methods
Participants The participants in our experiments were ten healthy men with a mean (±SEM) age of 24.4±0.95 years and a mean (±SEM) BMI of 21.6±0.69 kg/m 2 . Exclusion criteria were any physical or mental disease and abuse of nicotine, alcohol or drugs. The study was approved by the local ethics committee and all participants gave written informed consent.
Experimental design and hypoglycaemic clamp procedure Each participant underwent two hypoglycaemic clamps separated by an interval of at least 4 weeks. Participants received 80 mg of the AMPA receptor antagonist caroverine (Phafag, Schaanwald, Liechtenstein) intravenously in one experimental condition and placebo (0.9% [wt/vol.] saline solution) in the other. Data on the placebo condition are derived from a parallel study [4] , where all details regarding the experimental set-up can be found. The study was handled in a double-blind fashion with the order of conditions balanced across participants.
On days when experiments were performed, participants reported to the medical research unit at 06:45 hours after an overnight fast of at least 10 h. At 07:00 hours, participants received a bolus of 16 mg caroverine, followed by constant infusion at a rate of 25.6 mg/h for the next 150 min, resulting in a total amount of 80 mg caroverine. This dose rate exerts significant effects on human brain function as previously indicated by EEG recordings and cognitive tests [8] . In the placebo condition, saline solution was administered. The initial 30 min of caroverine and placebo infusion before initiation of the hypoglycaemic clamp procedure are referred to as the euglycaemic period (t=−30 to t=0). At 07:30 hours (t=0), i.e. after the 30-min euglycaemic period, participants received a bolus injection of 10 mU/kg body weight of human insulin (Aventis, Bad Soden, Germany), followed by constant-rate infusion of 1.5 mU kg
insulin for the next 120 min. Blood glucose levels were measured every 5 min (HemoCue, Ängelholm, Sweden) and a solution of 20% glucose was infused simultaneously at variable rates to maintain the target blood glucose level of 2.4 mmol/l during the hypoglycaemic plateau. This plateau was reached after 70 min of insulin infusion (at 08:40 hours) and maintained for 50 min (until 09:30 hours). Thereafter, infusion of insulin and caroverine/placebo was stopped and blood glucose levels returned to euglycaemic concentrations. Blood samples for determination of insulin, Hypoglycaemic plateau Caroverine / placebo infusion Insulin infusion Fig. 1 Blood glucose concentrations (mean±SEM) during caroverine and placebo infusion. Caroverine (16 mg bolus followed by constant infusion at 25.6 mg/h for 150 min; black diamonds) and placebo infusion (white circles) started at the beginning of a 30 min euglycaemic period (−30 to 0 min) followed by a bolus insulin injection of 10 mU/kg body weight and a subsequent constant-rate infusion of 1.5 mU kg −1 min −1 for the next 120 min. The target glucose level was reached 70 min after onset of the insulin infusion and maintained for another 50 min. After 120 min, insulin and caroverine infusions were stopped and euglycaemic blood glucose concentrations were restored. Key time-points are indicated by dotted vertical lines C-peptide, ACTH, cortisol, catecholamine, growth hormone and glucagon levels were drawn at 15 min intervals during the euglycaemic period and before the hypoglycaemic plateau, and every 10 min during that plateau. Participants rated autonomic and neuroglycopenic symptoms on a questionnaire presented 30 min before the insulin infusion (t=−30) and at 10, 30, 80, 100, 120 and 160 min after initiation of insulin infusion, as previously described in detail [4] .
Statistical analysis Data are presented as means±SEM. Analysis is based on ANOVA for repeated measures, including the factors 'treatment' (caroverine vs placebo) and 'time' (time-points of data collection). Where necessary, degrees of freedom were corrected using the Greenhouse-Geisser procedure. For pair-wise comparisons, Student's paired-samples t test was applied. A p value of <0.05 was considered significant.
Results
Mean blood glucose levels were similar in both conditions, declining from the euglycaemic period (placebo 4.30± 0.13 mmol/l, caroverine 4.52±0.16 mmol/l) to the hypoglycaemic plateau reached 70 min after onset of insulin infusion (placebo 2.40±0.07 mmol/l, caroverine 2.37±0.08 mmol/l; p<0.001 for time, p>0.18 for all comparisons between conditions) (Fig. 1) . Glucose infusion rates increased during hypoglycaemia but did not differ between conditions (p> 0.14). Neuroglycopenic as well as autonomic symptom scores increased during hypoglycaemia from 7.0±2.13 vs 5.6±1.38 (placebo vs caroverine, euglycaemic period) and 8.8±2.07 vs 5.5±1.15 respectively to 11.30±2.17 vs 11.87± 2.09 and 14.83±2.77 vs 14.76±2.86 respectively, but these increases were not affected by treatment (p>0.59).
In response to hypoglycaemia, circulating levels of ACTH, cortisol, adrenaline (epinephrine) and noradrenaline (norepinephrine) increased (p<0.001 for time effect for all) ( Fig. 2a-d ) without any differences between conditions (all p>0.11). In contrast, the growth hormone response to hypoglycaemia tended to display higher levels in the caroverine than in the placebo condition (p=0.07 for treatment, p=0.24 for treatment×time) (Fig. 2e) . Moreover, glucagon levels during the euglycaemic period as well as during hypoglycaemia were overall distinctly higher in the caroverine than in the placebo condition (p<0.002 for treatment; p>0.65 for treatment×time) (Fig. 2f) .
Discussion
Blocking AMPA receptor signalling by caroverine does not essentially alter the release of counter-regulatory hormones and the perception of neuroglycopenic symptoms during 50 min of pronounced hypoglycaemia in healthy men. Contrary to our hypothesis, there was even a weak indication of increased growth hormone secretion during the hypoglycaemic plateau. In rats, intracerebral stimulation of AMPA receptors induces elevations of plasma ACTH [6] and their antagonisation inhibits ACTH and prolactin secretion in response to immobilisation stress [7] . At first glance, these results conflict with our observations of unchanged HPA axis activity. However, different stress stimuli have been shown to provoke stressor-specific counter-regulatory responses that are possibly mediated via different central nervous pathways. Whereas the blockade of AMPA and NMDA receptors suppresses the ACTH response to immobilisation stress in rats, the neuroendocrine response to foot shock or ether stress is not affected by blockade of these receptors [5] . Our finding that blocking AMPA receptors by caroverine does not alter the neuroendocrine counter-regulatory response to hypoglycaemia suggests that in humans neuroendocrine responses to this specific metabolic stressor are mediated via AMPA-independent pathways. Also, species-dependent differences cannot be ruled out and must be taken into consideration. Differences in the administration route between animal and human studies may also be crucial for the effects of glutamatergic interventions. In our experiments, caroverine was administered intravenously, whereas most animal studies used the intracerebroventricular or intracerebral route [6, 7] . It is conceivable that peripherally administered caroverine does not reach the hypothalamus in sufficient quantities or, additionally, that AMPA receptor antagonism in other brain areas counteracts the hypothalamic effects of caroverine on neuroendocrine systems. The high relevance of the administration mode is supported by findings in mice, where intraperitoneal administration of the AMPA receptor antagonist cyano-nitro-quinoxaline-dione increased corticosterone levels, while intracerebroventricular application had reverse effects [9] . Also, different dose regimens of caroverine administration may yield diverging results. However, the intravenous administration of 80 mg caroverine as used in our study has previously been shown to induce significant central nervous effects [8] , while higher doses are associated with the risk of biasing side effects, especially sedation.
Unexpectedly, caroverine administration increased glucagon concentrations during the euglycaemic period as well as during hypoglycaemia. In contrast, in vivo blockade of AMPA receptors on pancreatic alpha cells induces negative autocrine feedback on glucagon secretion in mice [10] . One possible mechanism behind the surprising increase in glucagon secretion in our study might be that central nervous AMPA blockade by caroverine stimulates autonomic pathways that are known to trigger glucagon release during hypoglycaemia and that such an effect overrode the presumably suppressive effect of systemic AMPA receptor blockade on glucagon secretion.
In sum, our results in healthy men show that peripheral administration of an AMPA receptor blocker does not modify the neuroendocrine response to hypoglycaemia. Future in vivo studies focusing on different dose regimens and possibly also administration routes are needed to provide further insight into the role of glutamatergic AMPA receptor signalling in hypoglycaemia counter-regulation.
